A study was performed in five normal men in whom left ventricular volume was measured by thermodilution in the supine and 60° head-up postures, in the control state, and then during steady-state response to isoproterenol. The mean rate of circumferential shortening of the left ventricle was calculated for each of the postures in both inotropic states and was found to remain constant in the control state at 12.5 ±0.6 cm/sec in the supine posture and 13.3 ±0.5 cm/sec in the tilted posture. Similarly, mean rate of circumferential shortening remained constant in response to the positive inotropic effect of isoproterenol at 20.9 ±0.5 cm/sec in the supine position and 20.7 ±0.5 cm/sec in the tilted posture. It is concluded that the constancy of mean rate of circumferential shortening over the relatively broad physiologic range of left ventricular end-diastolic volume and mean force of ejection during a given state of myocardial contractility represents the coupled reciprocal influences of ventricular wall tension and myocardial fiber length on the velocity of ventricular wall shortening. Unlike stroke work, stroke power, and mean rate of left ventricular ejection, which are volumedependent parameters of myocardial performance, the mean rate of circumferential shortening appears to be a reasonable index of left ventricular contractility, which in steadystate conditions is independent of left ventricular end-diastolic volume and mean ventricular wall […] Find the latest version: 
INTRODUCTION
Studies of the mechanics of contraction of isolated papillary muscle (1) (2) (3) (4) (5) have shown that the relationships between force development, velocity of muscle shortening, and muscle length apply to cardiac muscle in much the same way as has been defined in isolated skeletal muscle (6, 7) , and that cardiac muscle has the additional capability of altering its force-velocity relationships (1) . In the most recent investigations, techniques of utilizing these observations in the analysis of left ventricular performance in the intact animal heart have been developed (8) (9) (10) (11) (12) . However, these methods require control of ventricular filling pressure and end-diastolic volume, arterial blood pressure, and heart rate. In the study of left ventricular function in man, it is impractical to control many of the determinants of ventricular performance. Consequently, various indirect approaches to the measurement of left ventricular contractility have been devised. Most prominent among these has been the measurement of the rate of pressure development during the isovolumic contraction period (dp/dt). Gleason and Braunwald (13) have used the peak value of this measurement without correction. Frank and Levinson (14) have corrected
The Journal of Clinical Investigation Volume 50 1971 peak dp/dt for fiber length of the left ventricular wall determined by measurement of left ventricular end-diastolic volume using thermodilution. Mason and coworkers, (15, 16) have extrapolated the calculated values of contractile element velocity from measurements of dp/dt at a series of points during the pressure-velocity descending limb of isovolumic tension development to zero load, the theoretical value for maximum velocity of shortening of the contractile element (Vm..). Siegel and Sonnenblick (17) have corrected peak dp/dt by dividing the latter value by the integrated isometric tension, IIT, 1 to provide an index independent of fiber length. It is also possible in such studies to construct indices of ventricular wall force and of velocity of ventricular wall shortening during systole utilizing measurements of left ventricular volume and pressure (18) (19) (20) (21) . The present investigation was undertaken to determine whether or not it is feasible, utilizing thermodilution to measure left ventricular end-diastolic (LVEDV) and end-systolic (LVESV) volumes (22) (23) (24) (25) , to apply the concepts of force-velocity and length-velocity relations of isolated cardiac muscle to the assessment of left ventricular adaptation in conscious normal human subjects. In this study, mean left ventricular wall force (MFE) and mean rate of circumferential shortening (MRCS) during ejection were calculated, assuming that the ventricle behaves as a contracting, thin-walled sphere. To evaluate the effects of variations of ventricular wall force and initial length (end-diastolic volume) on velocity of ventricular wall shortening, observations were made in subjects in the supine position in which heart size and MFE are relatively large, and in the 600 head-up tilted posture in which LVEDV and, consequently, MFE are reduced. Observations were then repeated during steadystate response to isoproterenol (I) infusion to assess the additional influence of a positive inotropic intervention.
METHODS
Five male volunteers without evidence of heart disease, ranging in age from 24 to 40 yr, were given 100 mg pentobarbital orally 2 hr after a light breakfast and were pre1Abbreviations used in this paper: AEDP, end-diastolic aortic pressure; AESP, end-systolic aortic pressure; AC, circumferential charge during ejection; I, isoproterenol; HIT, integrated isometric tension; LVEDC, left ventricular end-diastolic circumference; LVEDV, left ventricular end-diastolic volume; LVESC, left ventricular end-systolic circumference; LVESV, left ventricular end-systolic volume; LVET, left ventricular ejection time; MAP, mean aortic pressure; MFE, mean left ventricular wall force; MRCS, mean rate of circumferential shortening; MRLVE, mean rate of left ventricular ejection; peak ASP, peak aortic pressure; SP, stroke power; SW, stroke work.
2 Subjects utilized in this study were from the inmate population of San Quentin Penitentiary (Department of Corrections, State of California). Informed consent was obtained in the form of a signed statement from each subject. (31) .
CALCULATIONS
To obtain left ventricular circumference, ventricular wall forces during ejection, and MRCS, calculations were made, assuming that the left ventricle behaves as a contracting thin-walled sphere. Ross, Covell, Sonnenblick, and Braunwald (10) , assuming the intact left ventricle of the dog to be spherical, have shown that the shape of the basic force-velocity relationship and its alteration by inotropic influences are not affected by the method used for calculating tension. Consequently, the spherical model has been utilized as a logical basis for the calculation of indices of ventricular wall force and velocity of shortening in this study. It is emphasized that values derived in this manner should be regarded as reasonable indices rather than absolute values. LVEDV and LVESV were calculated from the ratio of ESV to EDV (obtained from thermodilution curves) and from the stroke volume (23, 25, 32) . Although the validity of the indicator dilution method of determining left ventricular volume has been questioned (33, 34) (14) have also concluded that indicator dilution provides reliable measurements of end-diastolic volume in the normal left ventricle, especially for purposes of assessing changes induced by various interventions.
From the ventricular volumes, end-diastolic circumference (LVEDC) and end-systolic circumference (LVESC) were calculated. The difference between the circumferences, i.e. the magnitude of circumferential shortening (AC) during left ventricular ejection, was divided by the duration of left ventricular ejection (LVET) to obtain MRCS. AC = LVEDC -LVESC centimeters. AC MRCS = LE centimeters per second. LVET Ventricular wall tension was calculated for a thinwalled sphere as the product of the force per unit circumference (Pressure X Radius/2) and the circumference (2 ir X Radius) and is expressed as that force acting perpendicular to the radius of the ventricle in grams. Thus, 13.6 13.6 F= Pr/2 X 2rr X 10 = Pirr2 X 10 10 where P is the pressure in millimeters of Hg and r is the radius in centimeters. Accordingly, force at the onset of ejection,
was calculated as the product of the radius of the ventricle at the onset of ejection and the aortic end-diastolic pressure (that pressure acting on the ventricular wall at the onset of ejection). The force at the end of ejection,
13.6 FEE = PEEIrrEE2 X 10 was derived as the product of the end-systolic radius and the aortic pressure at the instant of aortic valve closure. The difference between FoE and FEE in this study averaged about 10% of FoE and never exceeded 25%. It has been predicted that the ejection phase of contraction of the normal left ventricle is not strictly isotonic and that the force in the left ventricular wall should fall during ejection (37) . Moreover, there is evidence in dogs demonstrating a peak force early during ejection followed by a decline which is slight relative to the peak force (38) . A similar linear fall in ventricular wall tension was observed in the normal human heart by Gault, Ross, and Braunwald (39) , though in that study the magnitude of force decrement was relatively large. Mean force during ejection was, therefore, calculated in this study as
This expression of ventricular wall tension was chosen to represent "circumferential load" during ejection to correspond with "total load" in afterloaded contraction of the isolated papillary muscle.
Velocity of Left Ventricular Contraction in Man
Stroke work (SW) was calculated as the product of mean arterial pressure, in millimeters of Hg, and stroke volume, in cubic centimeters, and was corrected to be expressed in gram meters.
13.6 SW= MAPXSVX oo 1000' The quotient of stroke work and LVET yielded stroke power (SP), SW SP = LVET gram meters per second.
Mean rate of left ventricular ejection (MRLVE) was calculated by the quotient, Sv MRLVE = LE cubic centimeters per second.
LVET RESULTS The results in each of the five subjects studied are shown in Table I , with statistical statements in Table II . Mean values are expressed as ±SEM.
Control state
Effect of posture change on left ventricular end-diastolic volume, left ventricular end-systolic volume, stroke volume, and ejection fraction (Fig. 1) . In each of the five subjects studied, LVEDV diminished in the 600 head-up tilted posture as compared with the supine. The reduction ranged from 21 to 38% with a mean reduction of 29 ±3% (P < 0.01). There was an associated reduction of LVESV in each case, ranging from 20 to 36% of supine values with a mean reduction of 25 ±3% (P <0.01), and a fall in stroke volume which varied from 23 to 41% of supine values with a mean drop of 34 ±3% (P < 0.01). The ejection fraction (SV/LVEDV) decreased slightly on assumption of the tilted posture (-7 +2%, P < 0.05).
Effect of posture change on arterial blood pressure and mean force of ejection. Although LVEDV diminished, there were no significant changes in AESP, AEDP, peak ASP, or MAP between the two positions. As a consequence, in accordance with the LaPlace principle, there was a fall in MFE (-17 ±2%, P < 0.01) associ- (Fig. 1 D) . Effect of posture change on mean rate of circumferential shortening, mean rate of left ventricular ejection, stroke work, and stroke power. In the supine position, MRCS averaged 12.5 ±0.6 cm/sec, ranging from 11.6 to 14.8 cm/sec. In the tilted position, it averaged 13.3 ±0.5 cm/sec, ranging from 11.9 to 14.8 cm/sec. Thus, the MRCS of each subject in the two positions showed no significant differences (Fig. 1 E) . The constancy of MRCS over the broad range of LVEDV and MFE observed in the study is shown in Fig. 2 . On the other hand, there was a fall in MRLVE (-13 ±4%, P < 0.05), SW (-34 ±4%, P <0.01), and SP (-14 ±4%, P < 0.05) in consequence of the reduction of SV in the tilted posture as compared with the supine. The relationship of each of these extracardial parameters to LVEDV is shown in Fig. 3 .
During isoproterenol infusion
Effect of isoproterenol on left ventricular end-diastolic volume, left ventricular end-systolic volume, stroke volume, and ejection fraction (Fig. 1) . In the supine posture during I infusion LVEDV was practically unchanged from that in the control supine position in four subjects (C. D. + 2%, M. J. + 2%, J. H. -2%, D. S. -1%) and fell slightly in one (F. T. -7%). However, LVESV declined in all subjects (-18 ±3%, P < 0.01). This encroachment on LVESV reserve accounted for a marked increase in SV in four subjects (C. D. 33%, M. J. 13%, J. H. 28%, D. S. 25%), with essentially no change in one (F. T. + 1%) in whom I caused the most pronounced increase in heart rate (76%). The ejection fraction was increased in all subjects (22 ±5%, P < 0.02).
In the head-up tilted posture during I infusion, there was a significant decrease of LVEDV (-21 ±7%, P < 0.05) and LVESV (-35 ±7%, P < 0.01) from that in the control tilted position. SV in the tilted posture during I infusion was not significantly different from that observed in the control tilted position. In all subjects, the ejection fraction in the tilted posture during I infusion was greater than that observed in either of the postures without I and was approximately the same as in the supine position with I. Abbreviations as in Table I .
Effect of isoproterenol on arterial blood pressure and mean force of ejection. MAP, AEDP, and AESP were practically no different during I infusion in both the supine and tilted postures from the values observed in the same positions without I. Peak ASP tended to be higher during I infusion in both postures but not significantly so. MFE declined during I infusion in both the supine (-8 ±2%, P < 0.02) and tilted (-23 ±8%, P < 0.05) postures (Fig. 1) .
Effect of isoproterenol on mean rate of circumferential shortening, mean rate of left ventricular ejection, stroke work, and stroke power. MRCS increased markedly during I infusion in both the supine (69 +10%, P < 0.01) and tilted postures (55 ±3%, P <0.01). As iin the control state, there was a constancy of MRCS at the increased value over the entire range of LVEDV and MFE observed in the two positions (Fig. 2) .
In the supine posture during I infusion, there was an increase in MRLVE (57 ±8%, P < 0.01) and SP (59 +9%, P < 0.01). SW increased in four subjects (C. D., M. J., J. H., and D. S.) but decreased in the fifth (F. T.) in whom a marked tachycardia was associated with a drop of SV during I infusion. Compared with the control tilted posture, MRLVE in the tilted posture during I infusion increased significantly (25 +7%, P < 0.05). SP also showed a significant increase (28 ±9%, P < 0.05), but there was no significant difference in SW. Fig. 3 (40) (41) (42) (43) (44) (45) (46) (47) (48) . In addition, it has been demonstrated that a reduction of heart size, measured from chest roentgenograms, occurs in normal subjects in the sitting posture as compared with the supine (49) (50) (51) . Recently, Rapaport, Wong, Escobar, and Martinez (52) have shown a diminution of right ventriclular end-diastolic volume when patients without congestive heart failure were tilted to the 60°upright position.
In the present study, when subjects were changed from the supine to the tilted posture, LVEDV became considerably smaller with a concomitant reduction of cardiac output and stroke volume, both in the control state and during steady-state response to I. The left ventricular stroke fraction was greater during I infusion in both postures; however, a change of posture from supine to head-up tilt resulted in a greater reduction of LVEDV with I than without. This is compatible with the higher heart rate during I but may also indicate exaggerated vascular "pooling" due to gravitational influences associated with infusion with I (53). There was little variation of LVEDV in response to I when subjects were supine. Only one (F. T.) exhibited a smaller LVEDV during I infusion, and in that subject the associated heart rate response was greater than twice the average of the other four subjects. This finding differs from that of Harrison, Glick, Goldblatt, and Braunwald (54) Relation of MRCS to left ventricular volume and myocardial wall forces. The concept of MRCS as applied in this study is based on the assumption that this parameter reflects, as an index, the integral of the velocity of shortening of all left ventricular myocardial fibers over the duration of ejection. The subjects of the investigation were normal young men without evidence of heart disease, thus ruling out influences of myocardial and valvular abnormalities. MRCS is considered analogous to the velocity of isotonic shortening observed in studies of isolated papillary muscle, although in the latter, velocity of fiber shortening has been measured from the slope of the initial most rapid portion of the time-distance curve (1, 4, 7); however, analysis of such curves from the work of Sonnenblick (2) demonstrates that the mean rate of shortening of an isolated papillary muscle segment bears a highly significant linear relationship to the velocity of shortening measured from the initial slope. It is evident from the data in a left ventriculographic study carried out by Gault et al. (39) that the relationship between maximum velocity and mean velocity of shortening of the midventricular circumference is similar in vivo to that observed in isolated cardiac muscle.
It has been shown that in the heart of the normal dog (38) and of man (39) , ventricular wall tension during systole falls in a nearly-linear fashion after development of peak force early in the ejection phase. Therefore, ventricular wall force in this study is represented as a mean tension during ejection, MFE. This method of calculation probably underestimates the true mean force of ejection, but the error is considered small and would tend to be consistent in each subject of this study. Consequently, MFE is utilized as an index of systolic left ventricular wall tension and with MRCS is used to construct the mean force-velocity relationship of the intact left ventricle. This study shows a fall of MFE as a result of a reduction of ventricular volume in the upright posture as compared with supine ( Fig. 1 A, B, D) . However, MRCS remained constant over the entire ranges of MFE and LVEDV observed in the two positions (Fig. 2) . When a positive inotropic intervention, I, was imposed, MRCS increased markedly over that of the control state, but as in the latter, remained constant (at the increased level) over a similar range of left ventricular size and in which the influences of force and initial length of contraction are uncoupled and can be studied separately. In such preparations it has been demonstrated that there is an inverse relationship between force (load) and velocity of shortening (1-6). Thus, as load is decreased, the velocity of shortening increases. Consequently, in the present study, applying the force-velocity principle alone, it was anticipated that a reduction of ventricular wall force associated with the head-up tilted posture would be associated with an increase of MRCS. However, as alluded to above, while MRCS increased in response to I, it remained constant over the ranges of LVEDV and MFE induced by changes of posture. These observations indicate that in the normal intact heart, while an increase in myocardial contractility is associated with an increase in the velocity of ventricular wall shortening during ejection, the effect of variations of ventricular wall force associated with changes of ventricular volume is somehow nullified. It has been demonstrated in the isolated muscle preparation that initial muscle length is an independent determinant of velocity of shortening (1) (2) (3) (4) (5) . In other words, without a change of myocardial contractility, an increase in initial muscle length shifts the force-velocity relationship to the right and upward, and, conversely, a decrease in initial muscle length slows the velocity of shortening. In the intact left ventricle, unlike the isolated papillary muscle preparation, the influences of myocardial wall force and of initial muscle length on velocity of shortening during ejection are coupled.
Thus, as the heart varies in end-diastolic volume, not only does the ventricular wall force of ejection vary in accordance with the LaPlace concept (56) , but the initial myocardial fiber length of the ventricular wall varies as well. In the normal heart, and probably in all hearts operating on the ascending limb of a ventricular function curve, each of these two factors, MFE and LVEDV, acts in an opposite way in its effect on the velocity of left ventricular wall shortening, thus tending to maintain a constancy of MRCS independent of ventricular chamber volume.
This concept of the reciprocal effects of the coupled influences of force and volume in the intact heart is supported by the observations of Levine and Britman (9), Sonnenblick (5), and Fry, Griggs, and Greenfield (8), the latter of whom concluded, "first, that there is a reciprocal relationship between the tension in the muscle and the velocity with which it is shortening at any instantaneous volume, and, second, for any instantaneous tensions, the velocity of shortening increases with increased heart volume." Ross et al. (10) have reached a similar conclusion in a study of variably afterloaded and isovolumic left ventricular conditions in dogs. In addition, examination of the family of force-velocity curves, which are produced by variations in initial length of contraction in the isolated papillary muscle preparation, indicates that for a given state of contractility there are ranges of both length and load through which appropriate adjust-2290 H. W. Paley, 1. G. McDonald, J. Blumenthal, and J. Mailhot ments of these two factors can yield constant velocities of shortening (2, 4, 5) . Thus, in the intact normal heart, it is reasonable to anticipate a tendency toward a constancy of MRCS for any given state of myocardial contractility. In this respect, MRCS as an index of myocardial contractility is similar to the theoretical value for maximal velocity of shortening of the contractile element of the isovolumically contracting ventricle (Vnax) which has been shown to be constant for any given state of myocardial contractility independent of ventricular wall force and volume (15) .
It has been demonstrated that the rate of left ventricular wall shortening during systole is in part dependent on the peripheral vascular impedence structure (10, 57, 58) . Thus, it is possible that the increase of MRCS in response to I observed in this study was in part due to diminished MFE. However, the constancy of MRCS in the two postures during I infusion over the broad range of MFE observed in this investigation indicates that the relative effect of diminished peripheral vascular impedence was the same in both positions. This is also suggested by the tendency for the ejection fraction to maintain a constant value characteristic of each of the inotropic states in the two postures, indicating that variations in ventricular filling and the consequent effects upon stroke volume are accompanied by matching adjustments in peripheral vascular impedence structure. Because the ejection fraction appears to have a characteristic value for any given inotropic state over a relatively broad range of ventricular-loading conditions, it has been suggested as an index of myocardial contractility (59) (60) (61) (62) (63) (64) (65) . The slight reduction of ejection fraction in the control tilted posture observed in this study suggests the possibility of a physical limit to which the ventricular wall can shorten. A similar tendency during I infusion was not statistically significant in this study. MRCS thus appears to represent an index of myocardial contractility which is independent of variations of ventricular size and wall tension. However, the possibility that significant increases in afterload above normal levels may cause a decrease in MRCS without a decrease in myocardial contractility is suggested by: (a) Shaver, Kroetz, Leonard, and Paley (66) have shown an increase in systolic ejection time associated with an increase of LVEDP in patients receiving methoxamine infusion while heart rate was kept constant by atrial pacing, indicating a reduction of MRCS at an increased LVEDV, and (b) Mason, Spann, and Zelis (16) have shown a relatively small increase in Vmax during methoxamine infusion, indicating that methoxamine does not much change myocardial contractility.
Relation of MRCS to heart rate. In this study, whereas MRCS increased markedly in response to the positive inotropic effect of isoproterenol, variations of heart rate associated with changes in posture had a small and variable effect on the mean velocity of left ventricular shortening. In the control state, of the three subjects whose heart rates increased substantially in response to the head-up tilted posture, two showed a slight increase in MRCS (F. T., D. S.) and one had no change (J. H.). In the other two subjects who had practically no change in heart rate when posture was changed, one showed a slight increase in MRCS (C. D.) and the other showed no change (M.J.). During isoproterenol infusion, increases in heart rate due to change in posture varied from 20 to 42 beats/min. The associated variations in MRCS were relatively small and inconsistent, two showing a slight increase (M. J., D. S.) and three showing a slight decrease (C. D., J. H., F. T.). A number of investigators have described an augmentation in the velocity of shortening of isolated mammalian cardiac muscle in response to increases of rate of contraction, especially at rates below 60/min (1-4, 57, 58, 67). At higher rates, increasing contraction frequency causes little change or may decrease force of contraction and velocity of shortening. In the intact areflexic dog heart, Mitchell, Wallace, and Skinner (68) have shown those hemodynamic variables which reflect the speed of myocardial contraction to be increased by augmentation of heart rate. Covell, Ross, Taylor, Sonnenblick, and Braunwald (12) , in a study in dogs, have shown an increase in isovolumic contractile element-shortening velocity and in force of contraction associated with increases of heart rate. In both of the latter investigations, (a) increments of heart rate as well as the absolute levels of heart rate from which those increments were induced were considerably greater than those observed in the control state of our investigation, and (b) magnitude of increases of velocity of ventricular wall shortening were relatively small. Sonnenblick, Morrow, and Williams (69) in a study in patients during cardiac operations found no augmentation in the magnitude but a moderate increase in the rate of force development of a constant length of right ventricular wall in response to relatively large increases of heart rate. In another study, Sonnenblick, Braunwald, Williams, and Glick (70) showed in man that doubling the heart rate from normal resting levels by atrial pacing significantly increased velocity of myocardial wall shortening. The method involved measurement of the length-time slope of the distance between metal clips sewn to the right ventricle during prior cardiac surgical procedures. Measurements were made at isolength points in each condition of the study, while associated pressure changes in the right ventricle were small and inconstant. Though the present study was not designed to investigate the effect of heart rate alone on MRCS, it is apparent from the data that changes of MRCS associated with changes of heart rate observed in this study were small and variable. Additional studies are being performed to clarify the effect of heart rate on MRCS.
Comparison of MRCS with volume-dependent parameters of left ventricular performance (SW, SP, MRLVE). The volume-dependent parameters of left ventricular performance have been utilized by several investigators (71) (72) (73) . When LVEDV and blood pressure can be controlled, SW, SP, and MRLVE represent useful indications of the velocity of left ventricular wall contraction. However, in the present study in which it was impractical to control LVEDV and blood pressure, the volume-dependent parameters are only partially effective in differentiating the changes associated with the inotropic state induced by I. Consequently, while the values for SW, SP, and MRLVE are widely different in the two states of left ventricular myocardial contractility at the larger LVEDV observed in this study, they converge at smaller heart sizes, thereby obscuring the inotropic differences (Fig. 3) . On the other hand, the values for MRCS in the control state are widely separated from those seen during response to I over the entire range of LVEDV and MFE observed in this study (Fig. 2) . This clearly demonstrates the usefulness of MRCS as an independent index of left ventricular myocardial contractility under the conditions of this investigation.
